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Abstract 
Graphene oxide (GO) is widely used in different applications, however once release into the 
environment it can change its structure and affect the transport of important contaminants 
such as arsenic. In this work we show that UV radiation, even in the range of 28-74 µW/cm2 
of irradiance up to 120 h of exposure, can induce important changes in the structure of 
graphene oxide, by eliminating -OH and C=O functional groups. This reduction affected the 
stability of graphene oxide in water by decreasing its zeta potential from 41 to 37 mV with 
the increase of the exposure time. Our results showed that after 24 h of UV exposure, As(III) 
adsorption capacity decreased from 5 mg/g to 4.7 mg/g, however after 48 h of irradiation the 
adsorption increased with time, reaching 5.1 mg/g at 120 h under 74 µW/cm2 of irradiation. 
Computer modelling showed that even a degraded GO structure can have an interaction 
energy of 53 kcal/mol with H3AsO3. Furthermore, we observed that despite clear changes in 
surface composition and particle size, the reduction of graphene oxide maintained a high 
degree of cytotoxicity since cell viability decreased to 60% with a 50 µg/ml dose; except for 
the sample irradiated at 74 µW/cm2 for five days, which showed 20% with the same 
concentration.  
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1. Introduction 
Graphene oxide (GO) is a 2D nanomaterial with a network of carbon atoms with sp2 and sp3 
hybridization and oxygen functional groups such as hydroxyl, carboxyl, and epoxy, which 
makes it very stable in water. GO has a wide range of applications in areas such as electronics, 
energy storage devices and as an adsorbent material for water purification among others.1,2 
Due to its continuous wide spread use, it is important to understand how graphene oxide 
behaves once released into the environment, particularly in water environments where it has 
been observed that UV irradiation can induce a reduction and breakage of this material. For 
example, Mohandoss et al. observed though X-ray photoelectron spectroscopy, the reduction 
in concentration of oxygenated functional groups, related to the detachment of hydroxyl (–
OH), carboxylic acid (COOH) and epoxide (C-O-C) groups in the form of CO2. Furthermore, 
Hou et al. observed similar behavior by monitoring the CO2 formation by means of dissolved 
organic carbon (DOC). The release of CO2 was related to a decrease in carbon content and 
an increase of defects that resulted in the fracture of the layers yielding a reduction in particle 
size.3–5 
Furthermore, since it is known that the cytotoxicity of GO is affected by its degree of 
oxidation6 and that GO by itself can work as adsorbent material via hydrogen bonds, and 
electrostatic and anion-π interactions,7 it is of paramount importance to understand how these 
structural changes induced by UV irradiation might affect its cytotoxicity and possible 
transport of contaminants. For example, it has been observed that GO can increase the 
phytotoxicity of As(V) in wheat, but at the same time it can increase or decrease the toxicity 
of As(III), apparently depending on the as-produced GO structure.5,7,8 However, it is 
important to mention that in these previous studies, pristine GO was used without considering 
the structural changes that GO undergoes once released into the environment. Since As is an 
element that affects millions of people worldwide, and whose chronical exposure is 
associated with skin, lung, liver and kidney cancer, among others,10 it is import to study how 
the reduction and breakage of GO under UV irradiation affects the GO-As interaction.  
In this work, we studied the effect of UV irradiance (28-74 µW/cm2) up to 120 h of exposure, 
on the microstructure and composition of GO by combining experimental and modelling 
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work. We observed that GO does undergo reduction by eliminating primarily -OH and 
COOH functional groups. However, despite clear changes in microstructure and 
composition, GO maintained in most cases its high degree of cytotoxicity and after 48 h of 
exposure showed a small increase on As adsorption. Our results are an example of the 
complex behavior GO once released into the environment. 
 
2. Experimental 
2.1. Graphene oxide synthesis 
GO was prepared from the oxidation of graphite flakes (Sigma-Aldrich) using the improved 
Hummers method.10,11 A solution of H2SO4 (95-98%, Jalmek)/H3PO4 (85.8%, J.T. Baker) 
with a 9:1 relation (180:20 ml) was first prepared. During constant agitation a mixture of 
graphite flakes/KMnO4 (99%, Sigma Aldrich) in a relation 1:6 (1.5:9 g) was added. The 
resulting mixture was mixed under constant agitation during 15 minutes and then heat up to 
50 °C for 24 h. After 24 h, the mixture was slowly cooled to 2 °C and 1.5 ml of H2O2 (30%, 
Jalmek) was added dropwise. The mixture was then taken to pH 1 by the addition of 
deionized water (2x10-6 ohm-1cm-1, Jalmek). The resulting solution was centrifuged 
(Premiere, XC-2450 series) at 3500 rpm for 15 minutes until the separation of the 
supernatant. The precipitate was then washed with deionized water, HCl (36.5-38%, Jalmek) 
and ethanol (99.5%, Jalmek) in consecutive sequence twice, and then coagulated with diethyl 
ether (99%, Jalmek). This last solvent was removed by heating the solution at 40 °C. 
Graphene oxide was then exfoliated in ethanol using an ultrasonic bath (Branson, 3800) for 
one hour. Finally, the GO was dried at 80°C for 12 h and ground in an agate mortar and sieve 
through a 100 mesh.   
 
2.2. Photoreduction 
The GO photoreduction was performed in 25 ml Flasks with water recirculation at 20°C. For 
this purpose, 0.0125 g of GO and 10 ml of deionized water were added per flask, at pH 7. 
These flasks were placed in a black box with 3 UV 7.2 watt lamps (Tecno Lite, F8T5BLB), 
with a wavelength of 368 nm. The intensity of the UV radiation was measured with a 
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photodiode (OPHIR, PD-300 series) 15 cm of distance, giving values of irradiance of 28, 37, 
54, and 74 µW/cm2. The material was kept under constant magnetic stirring during 24 (UV1), 
48 (UV2), 72 (UV3), 96 (UV4) and 120 hours (UV5) of exposure. 
 
2.3 Arsenic adsorption  
A standard solution of As(III) (1000 mg/L As(III) in 2% hydrochloric acid, Sigma-Aldrich) 
was used to prepare a solution with 25 mg/L of As, from which 10 ml were taken and placed 
in a flask with 0.0125 g of GO. Once the pH was adjusted to 7 the flasks were placed in the 
black box described previously, this time one of the flask was covered with aluminum foil to 
avoid UV irradiance on it. The adsorption experiment was carried at 24, 48, 72, 96 and 120 
hours under constant magnetic stirring. Finally, all the solutions were centrifuged for 15 
minutes at 3500 rpm and then filtered with a 0.45 and 0.2 μm poliethersulfone (PES) 
membrane (Whatman). Two drops of HNO3 (66.3%, J.T. Beaker) were added to preserve the 
solution, according to the ASTM D2972-15 Norm for subsequent As quantification. 
 
2.4 Characterization  
The solid was analyzed with a Fourier Transform-Infrared Spectroscopy (FT-IR) on a 
PerkinElmer Frontier ATR-FTIR/NIR with a CPU32 Main software. Raman Spectroscopy 
was performed in a RENISHAW inVia Microscope using a laser excitation wavelength of 
514 nm. X-Ray Photoelectron Spectroscopy was used on a PHI VersaProbe II with 2x10-8 
mTorr vacuum chamber, aluminum anode as X-ray monochromatic source and a radiation 
energy of 1486.6 eV. The analysis range was from 1400 to 0 eV. High resolution spectra of 
the C 1s signal was obtained for each of the samples. The high-resolution spectra were 
acquired with a step energy of 11.75 eV. The software used to do the deconvolution was 
CasaXPS (version 2.3.19PR1.0). Zeta Potential was measured in a Malvern Zetasizer Nano 
Z ZEN2600. As concentration of solutions was quantified by plasma atomic emission 
spectrometry (ICP, PERKIN ELMER optima 8300 model). Transmission electron 
microscopy analysis was performed in a FEI-Talos F200S with four in-column Super-X EDS 
detectors with a beam current of 300 pA and a collection time of 10 min. 
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2.5 Cell culture 
Primary mononuclear cells were isolated using density gradient separation with the reagent 
Histopaque-1077 (Sigma-Aldrich, USA), according to the manufacturers instructions. All 
experiments were set up with mononuclear cells extracted from normal individuals (n=5).  
Cells were cultured with RPMI 1640 medium plus 10% of Fetal Bovine Serum, 10mM 
Penicillin Streptomycin, and 10mM of L-glutamine (Thermofisher Scientific, USA) in a 
37oC, 5% CO2 humidified incubator. Cell viability was evaluated by the XTT (sodium 2,3,-
bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-carbonyl]-2H tetrazolium, 
Roche™) assay. Briefly, cells were seeded in a 96-well plate at a density of 5 x 103cells /well, 
and the compounds were incorporated into the medium at a concentration of 10, 30 and 50 
g/ml. The compounds employed for the treatments were freshly prepared in Dimethyl 
sulfoxide (DMSO); control cells were incubated only with DMSO. After 48 h, the medium 
was aspirated and cells were washed with PBS. Cells were cultured in a mix of 60 ml of 
DMEM/F12 medium without FBS plus 40ml of XTT-solution for 2 hours in a humidified 
incubator (at 37ºC, 5% C02). Production of formazan was quantified by using a microplate 
reader (Epoch, Bioteck), monitoring the difference in absorbance at 492 and 690 nm. All 
experiments were performed in triplicate. The effect of each treatment was expressed as a 
percentage of cell proliferation relative to untreated control cells, differences between control 
and treated groups are shown as a result of a two-way ANOVA statistics. 
 
2.6 Computer Modelling 
H3AsO3, H2AsO3
- and HAsO3
2- were independently adsorbed over degraded graphene oxide 
and their geometries were optimized at the LC-ωPBE/6-31G(d,p) (Fig X) level of theory with 
the use of the Gaussian 09 suite of programs13 The interaction energies were also calculated 
with the NBODel procedure with the NBO3.114  program as provided within the 
aforementioned suite, and the obtained values are collected in Table 3. The NBODel 
procedure deletes all orbital interactions between both species and the concomitant raise in 
energy is ascribed to the interaction between them.  
 
 
6 
 
 
3. Results and discussions 
3.1. Changes in composition 
Figure 1 shows an example the FTIR spectra of GO and GO after UV irradiation with 
different irradiance for 72 hours (UV3). In these spectra is possible to identify the signal of 
the stretching mode -OH at 3219 cm-1, deformation mode of C=O at 1724 cm-1, stretching 
mode of C=C at 1619 cm-1, deformation mode of C−H at 1372 cm-1 and flexion mode of C-
O at 1036 cm-1, particularly for the reference material, GO. As the UV irradiance increased 
from 28 to 74 µW/cm2, the intensities of these bands changed, most of them decreased, giving 
the first sing of a structural transformation. For example, the most notorious changes are the 
disappearance of the –OH band and considerable reduction of the C=O band at 74 µW/cm2. 
Conversely, the signals assigned to C=C and C-H bonds increased in relation to the other 
bands. Similar behavior is observed for GO irradiated for 24 and 120 hours (see Figure S1 in 
supporting information). Figure 1 shows that irradiance play an important role on GO 
reduction.  
  
Figure 1. ATR-FTIR spectra of as-produced GO and irradiated GO UV3 (72 hours) at 28, 
37, 54, 74 μW/cm2. 
Figure 2 shows the XPS spectra for carbon (1s) in the as-produced GO and GO irradiated 
with 37 µW/cm2 during 72 and 120 hours. The as-produced GO showed the presence of C=C, 
C-C bonds (284.4 and 285.2 eV) attributed to the carbon structure with sp2 and sp3 
hybridization, respectively. Additionally, hydroxyl (C-OH 286.4 eV), epoxide (C-O-C 287.1 
eV), carbonyl (C=O 288 eV), and carboxylic acid (COOH 289.2 eV) functional groups,11-14 
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with a C/O ratio of 1.35, were observed similarly to those previously identified by FTIR in 
Figure 1. The percentage of each type of bond is shown in Table 1. As the sample got 
irradiated for 72 h with 37 µW/m2, the C=C and COOH bonds increased 20.6 and 1.2%, 
respectively. Conversely, the C-OH, C-O-C, O-C=O bonds decreased 16.1, 0.4 and 4.7%, 
respectively (Table 1), as also previously suggested by FTIR in Figure 1.  
Similarly, after 120 h of irradiation with 37 µW/cm2 the C-C bonds increased 22%, whereas 
the C-OH, C-O-C, O-C=O, COOH groups decreased 17.2, 0.6, 4.2, 1 %, respectively. It 
should be noted that compared to 72 hours of irradiation, the C-C bonds actually showed an 
increment of 22.5% (see Table 1), and the concentration of C=C bonds decrease from 32.6 
to 12.8% from 72 to 120 h. These differences could be related to the bond energy needed to 
detach a functional group from the C structure.18 For example, 360 kJ/mol are required to 
break a C-O bond, whereas 370 and 680 kJ/mol are needed for a C-C and C=C bond, 
respectively. Therefore, –OH, C-O-C, O-C=O and COOH are lost faster than the C-C and 
C=C bonds.19 After 120 h of irradiation, due to the small concentration of oxygenated 
functional groups, carbon bonds appear to be altered. 
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Figure 2. HR-XPS spectra for GO and irradiated GO, UV3 (72 hours) and UV5 (120 
hours), at 37 µW/cm2. 
Table 1. Percentage of functional groups in GO and irradiated GO (UV3 and UV5) at 37 
µW/cm2 and 74 µW/cm2. 
Type of 
bond 
GO 
72 h (UV3), 
37 µW/cm2 
72 h (UV3) 
74 µW/cm2 
120 h (UV5) 
37 µW/cm2 
120 h (UV5) 
74 µW/cm2 
% of bond 
C=C 12.0 32.6 6.3 12.8 8.4 
C-C 31.0 30.5 34.7 53.0 47.3 
C-OH 24.5 8.3 30.1 7.2 12.5 
C-O-C 21.2 20.8 23.9 20.8 28.0 
C=O 9.8 5.0 4.0 5.6 3.2 
COOH 1.7 2.8 0 0.7 0.6 
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Figure 3. HR-XPS spectra for irradiated GO UV3 (72 hours) and UV5 (120 hours), at 74 
µW/cm2. 
 
As can be seen in Fig. 3 and Table 1, as the UV radiation increase to 74 µW/cm2 for 72 h, 
the C=C decreased 5.7% and the C-C, C-OH, C-O-C bonds increased 3.8, 6.6, and 2.7 % 
respectively, compared to the as-produced GO. However, the C=C bonds decrease 26.3% 
and the C-C bonds increased 4.3% as the irradiance increased from 37 to 74 µW/cm2. 
Conversely, the C=O and COOH bonds decreased 5.7 and 1.7 %, respectively compared to 
pristine GO. It should be noted that C-O-C bonds had an increase of 3.1% as the UV 
irradiance increased during the first 72 h of irradiation. Similarly, as the irradiation time 
increased to 120 h with 74 µW/cm2, the C=C bonds decreased 3.6 % and the C-C bonds 
increased 16.4 % compared to the as-produced GO, but with 4.4% and 5.7 % less than the 
value measured for 120 h with lower irradiance (37 µW/cm2). Similar to the previous cases, 
the C-OH and C=O functional groups decreased 11.9, and 6.6 %, respectively, compared to 
pristine GO. Overall, it appears that longer periods of time under UV irradiation reduced the 
oxygen-bearing functional groups, as the C/O ratio changed from 1.4 of pristine GO up to 
2.2 and 2.7 for 120 h of irradiation. However, as time increased up to 120 h, the C-O-C 
concentration seems to increase up to 7.2%, compared to the results obtained for 72 h of 
irradiation. The elimination of C-OH, C=O and C=O functional groups with an increase of 
C-C and C=C bonds, has also been previously observed by Hou et. al, even though the 
irradiance they used was 65 000 µW/cm2, 106 times higher than the one used in this study. 
17,18 
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These changes in composition are expected to have a strong impact on the stability of this 
material in suspension. The measurement of the zeta potential (ζ) is a factor that describes 
this stability, which according to the literature values of ζ higher than 30 or -30 mV 
correspond to stable graphene oxide suspensions.20 Figure 4 shows the effect of pH, 
irradiance and time on ζ. It is observed that at any given pH the as-produced GO is stable in 
water as for all the pH studies the zeta potential was below -30 mV. However, at pH 3 it is 
observed that the ζ of most of the irradiated GO crosses the stability line with values higher 
than -30 mV, while the as-produced GO remains stable. Similarly, it is observed that at pH 
values higher than 3, the stability of the irradiated materials increases with pH. 
 
Figure 4. Zeta Potential of GO and GO irradiated 72 h (UV3) and 120 h (UV5) at 37, 74 
µW/cm2 with pH from 2 to 11. 
By increasing the irradiance of GO from 37 to 74 µW/cm2, a lower stability is achieved, 
particularly at pH 5. These changes in zeta potential agree with the results obtained by FTIR 
and XPS, suggesting the loss of functional groups, particularly C-OH and C=O, which confer 
its hydrophilic property to GO and allows it to remain in a stable suspension.21 Furthermore, 
apparently, regardless of the clear changes in composition detected by FTIR and XPS, 
irradiated GO maintains certain degree of stability even after 120 h of irradiation. 
Our results suggest that as the composition of the material progress, its stability in suspension 
is also affected, therefore, even though low irradiance in water might not mean a full 
transformation into reduced graphene oxide, it confers important structural changes that with 
time affect its composition and therefore its surface charge. Consequently, as time progresses 
and functional groups are loss, GO will become less and less hydrophilic, thus favoring the 
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formation of agglomerates and promoting the material to resurface. As this happens a higher 
level of irradiance will be received thus accelerating this reduction and decomposition.  
 
3.2 Microstructural changes 
Raman spectroscopy is widely used for the characterization of graphene based materials. In 
Figure 4 it can be observed the Raman spectra of as-produced GO and irradiated GO at 36 
and 74 μW/cm2 during 72 and 120 h, all spectra show G band which is attributed to the E2g 
vibrational mode, corresponding to the relative movement of carbon atoms with sp2 
hybridization in both rings and chains. 21–23 This band is present too in graphite in ~1580 cm-
1. In GO besides this bands there is D band too, associated with the vibrational mode A1g 
generated by the disorder in carbon layer in plane and in edges.21,24 Some authors use the 
ratio between these bands (ID/IG) to estimate the defects degree in the graphene network, we 
used this ratio as an indicator of oxidation degree since the more oxidized GO the more 
defects will have.25,26 Figure 5 shows the Raman spectrum of the as-produced GO, with a 
ID/IG ratio of 1.18 ± 0.08. After irradiation for 72 hours (Figure 5), the ID/IG ratio had a slightly 
change of 1.14 ± 0.72 and 1.20 ± 0.11 for 37 and 74 μW/cm2 of irradiance, respectively. 
Furthermore, Figure 5 shows the Raman spectra of GO irradiated for 120 h. After the longest 
time studied under irradiation, the ID/IG ratios changed to 1.13 ± 0.06 and 1.17 ± 0.05 for 37 
and 74 μW/cm2, respectively.  
Since the intensity of the D band is associate with the presence of defects (edge or in-plane),28 
an increase of the ID/IG would represent the formation of a more disorder structure. 
Conversely, a reduction of the ID/IG intensity ratio is generally associate with an increase of 
graphitization (higher areas with well-structured hexagonal carbon graphene structure). 
Although our results show a slight variation towards the formation of a more graphitic 
structure, the intensity ratio ID/IG did not show clear evidence of structural changes of 
graphene oxide as were clearly observed by FTIR and XPS. This could be related to a 
competing behavior between the restructuring of the sp2 as the oxygenated functional groups 
are removed from the structure (would reduce the D band intensity) but also, the continuous 
fracture of the material and the formation of sp3 structures at the edge of the material (would 
increase the D band intensity).3  
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Figure 5. Raman spectrum of GO irradiated for 72 h (UV3) and 120 h (UV5) at 37 
µW/cm2 and 74µW/cm2. 
 
The structural changes suggested by Raman spectroscopy were also visible by TEM (Figure 
6). TEM micrographs of as-produced GO (Figure 6a) showed that the original material had 
single layers of approximately 25 µm in length with soft edges and distinctive winkles, 
particularly at the edge. This tortuosity is distinctive to GO due to the double carbon vacancy 
(C2) defects which generates non-regular rings commonly 5-8-5 member rings, but also 
Stone-Wales defects formed by a pair of adjacent 5-7 member rings increasing tension in 
carbon structure,27,28 besides the formation of carbons with sp3 hybridization results in the 
tortuosity of the carbon structure. Overall, most of the structure of as-produced GO is 
amorphous as can be seen in Fig. 6b.  
However, as the sample got irradiated with 74 µW/cm2 for 120 h, GO changed considerably 
as it can be seen in Figure 7a, where the distinctive single layer structure of GO was no longer 
observed. Instead, a large number of irregular particles with rough edges between 20 nm to 
8 µm in length were detected. At higher magnification, it was possible to identify that some 
of the particles were in fact agglomerates of smaller particles of around 100 nm (Figure 7b) 
and that the irradiated graphene oxide layers were severely defective at the edges and on the 
plane as a results of the decomposition process induced by UV irradiation.31 These new 
structures showed clear evidence of higher crystallinity as can be observed in the dark field 
images (Figure 7c) where the bright sections correspond to crystalline structures with similar 
orientation.32 This increase in crystallinity was also evident in higher resolution TEM where 
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graphene domains were now visible, albeit still in a random arrangement (Figure 7d and 7e). 
These results suggest that graphene oxide suffered partial reduction but a considerable 
degradation and formation of smaller particles with sharp edges.33  
 
  
Figure 6. TEM micrographs of as-produced GO.  
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Figure 7.TEM micrographs of irradiated GO with 74µW/cm2 120 h. a) Low magnification 
general overview of GO, b) and c) bright and dark field image showing the presence of 
crystalline structures within GO agglomerates. d) and e) High magnification micrograph 
showing the presence of individual particles and ordered structures within GO particles.  
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 3.3 As(III) adsorption tests  
Computer models suggest that GO interacts with As(III) through hydrogen bonds.34 
Therefore, any change in the structure and composition is expected to have an impact on 
As(III) adsorption and transport. Originally, the as-produced GO had an adsorption capacity 
of 5.02 mg/g As(III) at pH 7. However, after 24 h of irradiation, the As(III) adsorption 
dropped to 4.7 and 4.8 mg/g for 74 and 37 µW/cm2 of irradiance, respectively (Figure 8). 
Overall, higher irradiance resulted in lower adsorption capacities. Furthermore, our results 
show that As adsorption of irradiated GO was almost the same until 72 h, time after which 
its adsorption appeared to increased once again. Surprisingly, both GO with 37 and 72 
µW/cm2 of irradiance after 72 h reached 4.9 mg/g of As(III) adsorption. It was after 120 h of 
irradiance that adsorption capacity reached values of 4.9 and 5.1 mg/g for 37 and 74 µW/cm2, 
respectively. It appears that time plays an important role on As(III) adsorption under UV 
irradiation.  
 
Figure 8. Adsorption capacity of irradiated GO to As (III) in relation to the time of 
exposure to UV radiation. Initial GO adsorption capacity was 5.02 mg/g As(III).  
 
It has been previously been suggested that UV irradiation can result in the degradation of GO 
by induced photolysis through the formation of holes in the basal plane and the concomitant 
formation of carbon atoms with sp3 hybridization as functional groups are reduced by UV 
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irradiation.32,33 This reduction process could be done through the oxidation of pristine sp2 
carbon regions with hydroxyl groups by its reaction with highly reactive hydroxyl radicals 
and the formation of epoxy and carbonyl groups as an intermediate step in the reduction of 
the hydroxyl functional groups.31 Furthermore, it has been observed that graphene can also 
be oxidized when irradiated and form primarily new C-O-C and C-OH functional groups.37 
This reduction route could explain the changes on C=O and -OH functional groups detected 
by XPS. Where C-C bonds concentration always increases with irradiance and time, but the 
concentration of -OH and -CO, change considerably depending on time and irradiance. For 
example, at 72 h of irradiation with 74 µW/cm2 the concentration of -OH functional groups 
increased from 24 to 31%, however as time increased to 120 h, its concentration dropped to 
12%. It appears that at short times and low irradiance in the range of 37 µW/cm2, GO is 
reduced.38 However, prolonged exposure or higher irradiance, allows an increase on oxygen 
content in GO as an intermediate step on the decomposition and reduction of GO, probably 
due to the formation of a higher concentration of hydroxyl radicals.31 This can be seen in the 
increase of C-OH bonds detected by XPS at 72 h but the final reduction on C-OH 
concentration at 120 h. It is important to mentioned that in our experiments it is apparent that 
C-O-C concentration remained almost the same with even a slight increase on concentration 
as irradiance and time increased to 120 h and 72 µW/cm2 (from 21% for GO to 28%). This 
could be related to epoxy ring opening/closing reactions induced by OH groups generated by 
UV irradiation.31  
These variations in functional groups could explain the variations seen in adsorption capacity. 
Table II show the interaction energies for graphene (sp2 carbon), epoxy and hydroxyl 
functional groups with the different As(III) species calculated for pristine GO. Graphene has 
a negligible interaction with arsenic (H3AsO3 since we worked at pH 7). The reduction on 
As(III) capacity of UV irradiated GO during the first 72 h could be related to the reduction 
of -OH functional groups, which have the strongest interaction with As. However, as 
irradiation and time increase, the remaining GO structure, in particular the constant presence 
of epoxy groups and the partial re-oxidations of GO debris, and even the newly form sp3 
structure increase once again the interaction with As. This can be seen in Figure 9 and Table 
3 where a simulated degraded GO with a hole in its structure and the presence of sp3 
hybridization, reached interaction energies of 53 kcal/mol for the neutral H3AsO3 spicy. This 
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suggest that even during the disordering of the structure GO-As interaction can increase 
compared to pristine graphene, but lower than the original GO structure. 
 
Table 2. Interaction Energies [kcal/mol] calculated at the LC-ωPBE/6-31G(d,p) level of 
theory. 
Functional 
group 
As (III) 
H3AsO3 H2AsO3- HAsO32- 
Graphene 3.90 254.54 383.35 
Epoxide 360.57 329.98 0.72 
Hydroxyl 378.50 383.35 378.98 
 
Table 3. NBODel Interaction Energies [kcal/mol] of degraded GO and As(III) 
As(III) Energy (kcal/mol) 
H3AsO3 53.50 
H2AsO3- 141.57 
HAsO32- 17.53 
 
 
Figure 9. Optimized geometries for degraded graphene oxide complexes with H3AsO3 (a), 
H2AsO3
- (b) and HAsO3
2- (c). 
 
Our results show that the complex reduction and decomposition process of GO under UV-
irradiation not necessarily means a lower capacity of transport of contaminants. As GO 
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change in composition and structure, other heavy metal ion or pollutants might even have 
higher adsorption capacity since electrically charge molecules have a stronger interaction 
with also the carbon structure of GO as can be seen in Table 2 for H2AsO3
- and HAsO3
2-, As 
species that are present only at reducing conditions.  
 
3.4 Cytotoxicity 
As a result of UV irradiation the structure of GO underwent several modifications and is 
expected that its behavior in nature, specially its hazardness, change too. Figure 10 shows 
the dose-dependent effect of as-produced and irradiated GO on cell viability, where 
monocytes were used as test cells. At 10 μg/ml of non-irradiated GO the cell viability 
decreased by 20%, compared with the control test, whereas all irradiated GO materials 
decreased by ~10%. This difference in cytotoxicity reduced as concentration increased up to 
50 μg/ml, where as-produced and irradiated GO induced almost the same effect on cell 
viability (60%). Nevertheless, only the samples irradiated for 120 h with 74 µW/cm2exhibited 
the lowest cytotoxic effect at the 30 and 50 g/ml doses, since viability of the cells remained 
almost the same (80%) when compared to control. Overall, GO reduction and fracture does 
not necessarily reduce GO cytotoxicity, despite the huge differences in composition and 
particle size.  
The cytotoxicity of GO has been observed to be strongly depended on particle size and 
oxygen content, as the oxygenated functional groups facilitate the interaction between the 
GO surface and the cell membrane.39,40 Therefore, a lower concentration of oxygenated 
functional groups should have resulted in a lower cytotoxicity, however, a reduction of 
particle size and an increase of defects at the edge of these new GO debris (Fig. 7) could be 
responsible for the high cytotoxicity showed. Similar behavior has also been observed before 
for hydrazine reduced GO, which induced higher cytotoxicity than GO6, presumably due to 
the existence of sharp edges. Furthermore, the reduction of oxygenated functional groups is 
generally concentrated along the plane in GO, whereas the formation of new oxygenated 
functional groups could happen at these new bonds at the edge. Figure 11 shows that despite 
the variations in concentrations detected by XPS, EDS at high resolution TEM show that the 
edge of GO debris still contain a relatively uniform distribution of oxygen. With the current 
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results it is still unknown why the sample UV5/74 had lower cytotoxicity than the other 
samples, however further work is currently underway to elucidate the origin of this 
cytotoxicity as GO is degraded by UV-irradiation.  
 
 
 
Figure 10. Cytotoxicity of as-produced GO and irradiated GO at 37 and 74 μW/cm2 during 
72 h (UV3) and 120 h (UV5). 
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Figure 11. EDS elemental maps of GO after 120 h of 74 µW/cm2. a)HAADF micrograph 
of the edge of a GO debris; b) carbon elemental map; c) oxygen elemental map. 
 
Conclusions 
Our results suggest that graphene oxide suffers of a partial reduction and decomposition 
under UV irradiation and that this process is strongly dependent on exposure time and 
irradiance. During short time and low irradiance (72h at 37 μW/cm2) we observed by XPS 
and FTIR that GO is primarily reduced, losing primarily -OH and C=O functional groups. 
However, as time or irradiance increase, a process or re-oxidation appears to occurred as 
confirmed by XPS measurements who showed an increase of C-O-C functional groups. 
Furthermore, these variations in surface composition were also reflected on the capability of 
GO to adsorb As, particularly As(III). During the first 24 h of irradiation, GO reduce its 
adsorption capacity by 6.4%, however after 72 h of irradiance, it started to regain its 
adsorption capacity reaching values of 4.9 mg/g after 120 h of irradiation at 74 µW/cm2. 
TEM, XPS and computer models suggest that the re-oxidation of GO as well as the presence 
of C atoms with sp3 hybridization can increase the GO-As(III) interaction, even for the 
neutral species of H3AsO3, which reached interaction energies of 53 kcal/mol, a higher 
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energy compared to the sp2 structure found in graphene which only had interaction energies 
of 3.9 kcal/mol. These changes in composition and crystallinity also were reflected on the 
cytotoxicity of the material. The cytotoxicity of GO decreased after 5 day of irradiation at 74 
μW/cm2, although the higher concentration was used, it can be related with the material 
reduction and its severe microstructural change observed in HR-TEM and the detachment of 
its oxygenated functional groups as indicated in XPS analysis. 
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